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Program Objective

• Milestones
- Linear Photodetectors, 1-20 GHz, 60 -72 dB Dynamic Range at Iop
- High Current 100-500 mA, 0.5 to 20 GHz PDs

• Involvement
- Naval Research Laboratory (NRL)

• Design, Modeling, Testing, Analysis, System Needs & Insertion
- University of Texas, Austin (UT)

• Design, Prototype Fabrication, Basic Testing & Resonant Cavity Designs
• Plan

- Linear PDs
• Leverage existing NRL PD model to handle space-charge and 
structure effects.  Determine limiting NL mechanisms and investigate
material limitations.

- High Current PDs
• Investigate alternative absorber types, structures

resonant cavity designs, and alternative material systems.
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Minimizing Phase-Matched Electronic Gain
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Photodiode Compression
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Space-Charge Effects - 20 GHz PDs
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Thermal Failure

* J. Paslaski, “High Power Microwave Photodiode for ...” OFC’94, Paper ThG5
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Photodetector Thermal Model
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Photodetector Thermal Impedance
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d1 = Absorber Thickness
k1 = Absorber Thermal Conductivity
h = Radius of Absorber (Incident Beam)
d2 = Substrate Thickness
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d 1 2
k1πh2

Absorber-Only
Thermal Impedance:

Temperature Dependent
Thermal Conductivity:

k2 = Substrate Thermal Conductivity
b = Substrate Radius
J1(ϕj b) = 0
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Maximum Possible Power Dissipation
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Geometry Optimization
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• Lower Quantum Efficiency
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High Current Photodetector Design Issues

• Minimize Space-Charge Effects
minimize power density
internal design (i-region + illumination conditions)

• Minimize Thermal Effects - A Failure Mechanism
minimize thermal impedance
minimize voltage required to maintain response

• Minimize Nonlinear Recombination
device structure

• Other Structures
traveling-wave structures (Waveguide, Discrete)
devices w/doped absorbers & nonabsorbing drift layers
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Relevant Material Characteristics

Properties InGaAs Ge InP Si GaAs

Electron Mobility (cm2/Vsec) 8000 3900 4000

Hole Mobility (cm2/Vsec) 300 1900

Electron Velocity @ E=20kV/cm (cm/s) 10 X 106 6 X 106 15 X 106

Hole Velocity @ E=20kV/cm (cm/s) 3 X 106 6 X 106

Electron Velocity @ E=100 kV/cm (cm/s) 6 X 106 6 X 106 8 X 106

Hole Velocity @ E=100 kV/cm (cm/s) 5 X 106 9 X 106

Thermal Resistivity (¡C-cm/W) 21 1.67 1.47 0.67 2.17

Maximum Electric Field (kV/cm) 200 125 >300

Absorption Coefficient @ 1.32 µm (µm-1) 1.15 0.74

Absorption Coefficient @ 1.55 µm (µm-1) 0.68 0.046
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Other p-i-n Structures & Materials
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High Current 
Photodetector

Design Optimization

• Consider First a 20 GHz DDR PD
- 25 µm Dia, 15 µm Spot Size, 1µm i-region length
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Dual Depletion Region PD Simulations
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n-side Illuminated DDR PD Sims
50% InGaAs25% InGaAs

75% InGaAs 100% InGaAs
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Designing for Maximum Current

25% InGaAs 75% InGaAs

• Optimum design occurs when the shape of hole 
and electron densities distributions are equivalent 
(Equal numbers of holes and electrons in i-region)
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p-side Illuminated DDR PD Sims
50% InGaAs25% InGaAs

75% InGaAs 100% InGaAs
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Other p-i-n Structures & Materials
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Preliminary Observations - InGaAs/InP

• Uni-Traveling Carrier (UTC) Design Less Desirable 
from Space-Charge Perspective
• Desire Charge Balance Within Intrinsic Region 
• Need Some Intrinsic InP For High Electrical Power 
Handling (50-75% of i-region preferred for n-side 
illuminated) - Multipass or p-InGaAs to maintain QE
• n-side Illuminated DDR PDs may outperform p-side 
Illuminated Devices (more optimum for higher 
percentage of i-InP)
• Need Another Independent Variable for Optimization
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Charge Compensation - 50/50 InGaAs/InP

Uncompensated Linear Compensated
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• Charge compensation can be used to approximately double 
photocurrent of uncompensated design
• Compensation can also be used to limit peak Electric Fields
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Fabrication of UTC 
Photodiodes
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Saturation Current Measurement Setup

Current meter
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XYZ
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+-

DUT
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fiber

High Power DFB Laser

High Speed DFB Laser

coupler
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DUT : 95% of Php + 5% of Phs
= 43mW @ 8 GHz

Modulation depth 1%

Sweep Oscillator
20GHz
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InP-Based UTC Photodiodes

p:p:InGaAsInGaAs absorption layerabsorption layer

i:InP
n+:InP InP 

substrate

p+:In
P

Electron drift layer

n-Contact

p-Contact

SingleSingle--carrier (electron) transportcarrier (electron) transport

High SpeedHigh Speed
High Electrical Power Dissipation LevelsHigh Electrical Power Dissipation Levels
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500500nmnm InPInP pp++:1:1××××××××10101919

200200nmnm InGaAsInGaAs p:2p:2××××××××10101818

3030nmnm InGaAsInGaAspp++:1:1××××××××10101919

200200nmnm InPInP ““ii””< 5< 5××××××××10101515

700700nmnm InPInP nn++:1:1××××××××10101919

n+:n+:InPInP substratesubstrate

InPInP--Based UTC PhotodiodesBased UTC Photodiodes
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Saturation characteristics of Saturation characteristics of InPInP UTC PIN UTC PIN 

Saturation begins at 2mA @ 2VSaturation begins at 2mA @ 2V Saturation begins at 4mA @ 3VSaturation begins at 4mA @ 3V

Diameter = 30 Diameter = 30 µµµµµµµµmm
“i” layer thickness = 0.2 “i” layer thickness = 0.2 µµµµµµµµmm
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0.03mA 3V
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Saturation characteristics of Saturation characteristics of InPInP UTC PIN UTC PIN 

4.4mA at 7GHz without saturation4.4mA at 7GHz without saturation

EyeEye--shaped structureshaped structure
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In0.48Al0.52As-based UTC PIN 

n+:InP substrate

30nm In0.53Ga0.47As p+:1×1019

500nm In0.52Al0.48As p+:1×1019

500nm In0.53Ga0.47As p:2×1018

200nm In0.52Al0.48As “i”< 5×1015

700nm In0.52Al0.48As n+:1×1019

hhνννννννν

Dark Current

Photocurrent
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In0.48Al0.52As-based UTC PIN
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InAlAs UTC PIN with Graded Heterojunction Interface

p:InGaAs

Absorbing layer

Depletion layer

Superlattice-graded
heterojunction interface

hhνννννννν
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InAlAs UTC PIN with Graded Heterojunction Interface
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InAlAs UTC PIN with Graded Interface and 
Absorption Layer

Graded absorption layerGraded absorption layer

Increase the electron velocityIncrease the electron velocity

Higher bandwidthsHigher bandwidths

or or InPInP
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Nonlinear Mechanisms

Space-Charge Electric Fields
Scattering - Lower Carrier Mobilities
Loading in the External Circuit
Generation in Undepleted Regions
Diffusion
Trapping
Heterojunctions
Finite Carrier Acceleration Time
Transient Temperature Rise
Carrier Bleaching
Free Carrier Absorption

Yes
Yes
Yes
Yes
Yes

Partial
Partial

No
No
No
No

Mechanism
Included in

Present 1-D Model
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Photodetector Nonlinearities
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Transport Equations

  

∂n
∂t

= G − R −
1
q

v n
∂n
∂x

+ n
∂v n
∂x

+ q
∂D n
∂x

∂n
∂x

+ qD n
∂2n
∂x2

� 

� � 
� 

� � 

  

∂p
∂t

= G − R −
1
q

∇ ⋅ Jpdrift + Jpdiff( )

  
∇ ⋅ E =  

q
ε

p - n + N d - N a( )
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Carrier Velocity Nonlinearities
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Nonlinear Recombination

p-region 
(Na = 5 x 1018)

i-region  
(Nd = 5 x 1015)

@ 1mA,  E ~ 3 V/cm
@ 10mA,  E ~ 30 V/cm

absorption

free holes
recombination

d~2.4 nm

absorption

free holes

d~24nm

E > 80 kV/cm

(τ~100 ps) (τ~2000 ps)

Low Current:

High Current:

e-

e-

depletion region  
edge

-> Higher Photocurrent 
Leads to Less 
Recombination
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Nonlinearities from NL Recombination

DC & RF QE (Power)

QE = I/P = c1 + c2P

I = c1P + c2P2

P = c3(1+sinωt)

I(2ω)

I(ω)

c2c3
2

=
2c1c3 + 4c2c3

2

= -59.6 dBc
For c3 = 2.5 mW (1mA)

0.39

0.4

0.41

0.42

0.43

0.44

0 20 40 60 80 100Q
ua

nt
um

 E
ffi

ci
en

cy
 (A

/W
)

Input Power (mW)

c1 = 0.40085
c2 = 0.00033429

-150

-130

-110

-90

-70

-50

-30

-10

0.1 1

M
ic

ro
w

av
e 

Po
w

er
 (d

Bm
)

Average Detector Current (mA)

3rd 

5 GHz Fundamental

2nd Harmonic

w/pabs

w/o pabs



Williams p. 45 , 30-July-01

Unclassified

MICROWAVE PHOTONICSNRL5650

Approved for public release, distribution unlimited

Linear PDs for PADCs
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-> QE Nonlinearities may 
be more Important than 
Space-Charge-Induced 
Nonlinearites for PADC
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UTC Photodetector - Intevac*
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Wavelength = 1.3 µm

(InGa)As:Zn absorber 3.0µm

InP:Zn- substrate

InP:ø drift region 5µm

550Å

p = 2 x 1017 cm-3

InP:Si 220Å

p = 2 x 1017 cm-3

p = 2 x 1017 cm-3
n = 1 x 1018 cm-3

n < 1 x 1015 cm-3

InP:Si+ cap 0.5µm n = 5 x 1018 cm-3

annular n-type contact

full-area p-type contact

(AlGaIn)As:Zn grade
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UTC Photodetector - Nonlinearities
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NEL UTC Photodiode - 50 GHz BW

DC QE Nonlinearity
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Nonlinear  Capacitance
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Static  Capacitance
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Nonlinear  Capacitance - Simulations

Capacitance = dQ
dV
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Carrier Density Calculations
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Germanium PINs: Fabrication & Testing at UT
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• Interdigitated p-i-n (finger width = 2 µm, 
finger spacing = 5 µm)
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Commercial Germanium Photodetectors

Compression Current Frequency Response
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Commercial Germanium PD Nonlinearities

Responsivity Harmonic Distortion
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Germanium Simulations

Carrier Velocities
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Germanium E-Field Simulations - 20 GHz PD

p-side Illumination n-side Illumination
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Accomplishments

Most Significant

• Incorporation of InP and Ge Transport 
Properties into Numerical Model

• Comprehensive Modeling to Design 
p-i-n Structures Optimized for High 
Power

• Fabrication of UTC and Ge PDs
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Program Roadmap

• Identification of Limiting Nonlinear 
Mechanisms - Dec 2001

• Fabrication of 100 mA PD - June 2002

• Fabrication of 60 dB Dynamic Range 
Photodetector - June 2003

• Fabrication of 500 mA PD - Sept 2003


